We present a new and simple method for carbon nano-onions (CNOs) production which is based on the pyrolysis of Propane. 
Introduction
Since the discovery of C 60 in 1985, subsequent works have shown the existence of new stable carbon forms which are composed of hollow closed cages, such as nanotubes, carbon onions, nano cones. Sumio Iijima [1] discovered CNOs in 1980. The precursors for onion formation in his experiments were amorphous carbon films prepared following an ordinary vacuum (10 -6 Torr) evaporation method of carbon rods. Once a thin amorphous carbon layer was deposited onto a cleavage rock salt crystal surface, it was examined by HRTEM. This technique showed that there were crys- * E-mail: t.garcia@asi-mag.es tal particles consisting of concentric multi-shells inside the amorphous carbon film. Some were nearly spherical (see Figure 1 .a), whereas the others tended to be polyhedral, as shown in Figure 1 .b. [2] [3] [4] compared the C 60 molecule with nano onions with the regarded images, they found that both showed a closed truncated icosahedral structure. They suggested that CNOs consist of icosahedral concentric layers. Each shell is a fullerene with 20 triangular faces, formed by pentagonal and hexagonal carbon rings, being the distance between the shells close to 0.34 nm. Thus the NCOs were called also multishell fullerenes. Kroto and McKay [3] proposed that carbon onions may correspond to a series of Goldberg's nested giant fullerenes with the following configuration:C 60 @ C 240 ...@ C 60n 2 H. Terrones [5] added two other new families that exhibited an icosahedral shape in which the interlayer space was equal to the one in the former family. The families of giant fullerenes considered by Terrones' group can be generated by the following series: C 260 @ C 560 @ C 960 ... and C 140 @ C 380 @...Numerous experimental works have revealed the presence of nanoparticles corresponding to: C 60 @ C 240 and C 60 @ C 240 @C 540 [6] [7] [8] .
When Kroto and McKay
Nowadays it is possible to produce "graphitise carbon onions" using various techniques. The first method was developed by Ugarte in 1992 and is based on inducting quasi-spherical carbon particles by a high-energy electron beam bombardment (300 keV) [9] , but NCOs obtained are unstable [5] . These nanoparticles can be generated by heat treatment of carbon soot [10] or by annealing of nanodiamonds [11] [12] [13] . Later, in 1995, J. Cabioc'h, Rieviere and Delafond [14] found graphitic onions films during a carbon ion implantation into a hot copper substrate. The size of the examined nanoparticles varied between 6 nm and 100 nm. It is important to remark that it was necessary the use of a vacuum system for the development of the former methods, thus these are not economic. Furthermore, nano onions are also produced by an arc discharge between two graphite rods in distilled water [15] and by enhanced radio-frequency plasma chemical vapour deposition over Co and Co-SiO 2 catalysis [16] .
Regarding the combustion method, different procedures to generate carbon nanoparticles have been performed. In the case of the fullerene production, in 1990 Howard's group [17] obtained C 60 and C 70 molecules from the soot of a premixed benzene/oxygen flame. As result of their work, another method [18] for fullerene generation have been developed that allows a large-scale commercial synthesis. On the other hand, considering the carbon nanotubes (CNTs) generation, the CNTs are produced by diffusion flame synthesis [19, 20] consisting of introducing a metal wire inside the flame on which the CNTs are deposited.
More recently, other novel multishell fullerenes can be produced by flame synthesis of carbon nano-onions enhanced by acoustic modulation [21] . Nevertheless, the isolation and bulk generation of this material has not yet been achieved by any of the former methods. Moreover, laser pyrolysis method [22] [23] [24] could be used for onionlike shell-shaped carbon nanoparticles (SCNPs) production. In this procedure a powerful laser beam knocks a gaseous flux containing a carbon source component which is converted into CNPs. Mordkovich showed in 2000 the synthesized carbon's content of SCNPs and a small concentration of small multishell fullerenes [8] .
The onion like-particles are thermally stable and resistant to oxidation and acids. These properties make them suitable for applications such as the encapsulation of foreign materials [25, 26] , catalyst supports [27] and lubricant additives [28, 29] . The combination of CNOs with polymers obtains novel materials with great potential in a wide range of different applications including optical limiting [12, 30, 31] , energy and gas stores [32, 33] , anode materials for Lithium-Ion Batteries [34] and additives for capacitor devices [35] .
The purpose of the present paper is to show a new method to produce carbon onion by pyrolysis of Propane [36] . This is a simplified, effective and low cost system that can synthesize tubular nanoparticles and a high concentration of multishell fullerenes. Carbon onions are obtained by the combustion of propane and oxygen. The stream resulting from gas combustion carries the carbon particles towards the aluminium surface. These deposits are examined by HRTEM and Scanning Electron Microscopy (SEM) techniques. The micrographs reveal that the deposited soot particles consist of concentric multi-shells and their interlayer spacing is about 0.34 nm. Though, when examining the carbonaceous material that is deposited on the inner nozzle wall, the results indicate that the soot deposits are mainly composed of amorphous carbon. Comparing the inner nozzle wall and the aluminium surface deposits, it would be reasonable to assume that the substrate nature is a determinant factor in the carbon onions formation.
Experimental
The set up diagram of the experiment is shown in Figure  2 and it is divided into the following parts: a premixed burner (1), two flow conductors (2 & 3), a laminar airflow chamber (4) and a deposition surface (5). At the bottom of Figure 2 there is a premixed burner consisting of a central bronze cylinder and an outer bronze ring. The upper end of the former cylinders supports two concentric synthetic porous disks and a water-cooled bronze tube located in the middle of the central porous disk that connects with a term bath. This is what maintains a uniform temperature distribution in the burner during the combustion. This burner was developed at the University of Rouen in CEDEX-CORIA and was designed according to Keck s premixed burner model [37] . All reactant gases are driven in the same way. Each of them passes through a pressure regulator valve and then through a flowmeter. Finally, each component of the reactant mixture is connected with the burner base. Two flows of oxygen (99.995 %) and propane (95.5%) enter together in the central cylinder (1) by C2 and simultaneously, nitrogen stream (99.995 %) is injected via: C3A and C3B. The experimental conditions of the reacting gases are summarized in Table 1 . The composition of the initial fresh gas mixture was calculated beforehand to obtain a laminar premixed flame. Nitrogen and the reactant gaseous mixture are conducted through their respective synthetic porous metal cylinders. Once the ignition is produced the flame is stabilized horizontally on the central disk. As illustrated in Figure 2 , firstly the combustion stream rises along the cylinder (2) and secondly, it passes through the converging nozzle (3). Subsequently, on leaving the nozzle exit, the diluted carbon particles in the gaseous stream are transported towards the solid metal wall (5) where they are deposited. Figure 3 represents the position of the wall during the experiment. The aluminium surface (A3) (40mm × 20mm) is placed at a height of 5 mm above the nozzle exit being parallel to the gases flow direction. To maintain the surface at stationary temperature, a thermal controller regulates the metal wall temperature and this is connected to heating resistors. This study is focused on the soot carbonaceous onion-like particles that are deposited on the centre of the ellipse (A4). The separation distance between the central point (A4) and the wall end is approximately 13 mm. Therefore, in order to measure the wall temperature at the former point, a chromel-alumel thermocouple is located 2.5 mm at the back of the metal wall. Besides, the gas temperature outside the thermal boundary layer is measured by other chromel-alumel thermocouple situated in front of the wall. It was necessary to design a airflow chamber, as represented in Figure 3 , so that the the gas stream exits the nozzle as a laminar flow. The aim of this device is to introduce an external airflow round the gaseous stream of the combustion products to remove any external turbulence. Figure 3 shows that the device is composed of a cylindri- Table 1 , and a conversing nozzle (A2). A set of glass balls is enclosed between the wall (A1) and (A2). So, if the air current is introduced into the base and is immediately conducted through the glasses bed, a steady laminar airflow will be obtained. The carbon particles were emitted from an oxygen/ propane laminar premixed flame of approximately 1.8 of stoichiometric coefficient. After 4.5 hours from ignition, the system reached the thermal equilibrium. Just then, the airflow was injected and the thermal control rose the wall temperature. At this point, the solid metal was sumerged into the carrier gas. The temperature of the combustion products was around 490 K. The deposits on the wall were examined by HRTEM and SEM techniques. The high resolution of HRTEM allows the characterization of carbonaceous onion-like particles, whereas SEM technique may analyse the deposit morphology and the growth on the substrate.
Results and the image analysis

Results and image analysis obtained by HRTEM
Once the wall temperature reached approximately 423 K at 2.5 mm at the back of the metal wall, it was exposed during 14 hours by the above method in order to obtain a considerable amount of carbon onion particles. The collected particles were analysed by HRTEM (JEM 2000FX of Centro de Microscopía at UCM operating 300 keV).
The obtained micrographs are shown in Figure 4 -9. They present a scale of 10 nm corresponding to 108 pixels, so the spatial resolution is 0.1 nm / pixel. The nano-onions that are represented in Figure 4 and 5 have diameters in the range 18-25 nm, while in Figure 6 the nanoparticles size varies between 9 nm and 12 nm in diameter. As it is shown in all the images, it is possible to distinguish a high concentration of carbon onions with a constant spacing between layers of approximately 0.34 It is necessary to draw the attention on the variations of the shape of carbon onions, particularly on the soot deposited particles shown in Figure 7 . As we will see in Figure 7 (a) and (c), the multishell fullerenes are almost spherical and display slight faceting profiles simultaneously. However the nanoparticles indicated in Figure 7 (b) and (d) have whole polyhedral structures. Moreover, it is significant that the multishell fullerenes in Figure 7 (a) and (b) have approximately the same diameter and number of layers; on the other hand the particle in Figure 7 (b) is noticeably stronger faceted than the former nano onion.
In order to analyse in detail each of the soot nanoparticles shown in Figure 6 , we selected a subsection of this micrograph and it is shown in figure 8 (a) . We applied a 5 x 5 Gaussian Band Pass Filter on it [38] . The results are represented in Figure 8 (b). The objective of this operation is to reduce blurring and noise and to attenuate the details around the image. The Gaussian Filter was able to distinguish clearly the contours of all the objects that are contained in the original image. Observing the right part of the image in Figure 8 (b), it is possible to discover a multilayer fullerene with a diameter of approximately 4 nm as is pointed by arrow 1. The arrows named as 2 show a carbon onion and the central embryo of the particle surrounded by concentric hexagonal layers. To enhance the edges of the former cavity, we have carried out the difference between the original image (Figure 8  (a) ) and the micrograph in Figure 8 (b) . The image subtraction (see Figure 8 (c)) shows clearly an embryo sized in the range of 3 -4 nm in diameter into the innermost loop of the multishell fullerene displayed by arrows 2.
Note also that there are two tubular structures in Figure  4 and 9 with about 30 nm of outer diameter and 4 nm of inner diameter.
In the same experiment we also analysed the carbonaceous material which was deposited on the inner surface of the exit nozzle by the HRTEM technique, representing the results in Figures 10 (a) and (b). The first micrograph consists of amorphous carbon and several tubular carbon structures. Figure 10 (b) indicates that the film is composed mainly of amorphous carbon and an elliptic nanoparticle.
Results and images analysis obtained by SEM
The objectives of SEM analysis were: first, to estimate the size distribution of the deposits on the aluminium surface and second, to compare the diameter of the onion-like particles examined by HRTEM with the lower SEM obtained particles. In this particular case, the examination using SEM is focused on the deposition area which is bounded by the ellipse line represented by (A4) in Figure 3 . So the wall was submerged into the carrier gas during a short exposure time (˜40 minutes) while the surface temperature at the point of (A4) in Figure 3 was about 490 K. Initially the exposed wall was introduced into the chamber of a sputtering system (SC-7620-Minisputter Coater) where it was covered with an Au-Pd layer of 60 Å thickness. Finally, the deposition surface was examined by SEM technique (SEM 2000 FX of Centro de Microscopia at UCM). One of the resulting images is shown in Figure  11 .
To estimate the equivalent diameters of the deposits from the acquire digital image, we carried out a preprocessing and a processing [38] . The aim of the preprocessing is to improve the image contrast and to enhance the deposit edges by image equalization and a 5x5 Gauss filter application. The processing procedure is composed of image threshold and segmentation techniques. The combination of both methods allows distinguish between the carbon particles and the underground. The image in Figure 11 was randomly divided into 6 sections (3µmx3µm). The de- scribed procedures have been applied to each subdivision and consequently, it has also calculated the area of the particles in units of 2 . All the examined particles were classified according to their area. The applied criterion to select the particles from the underground was to consider only those particles formed by more than 5 pixels.
The number of calculated areas in the 6 subsections is 1874. We define equivalent diameter as the diameter of a circle of equivalent area. The equivalent diameter of each area was calculated and the results of the analysis are represented in Table 2 . The diameter ranged from 16 nm to 210 nm. Considering that the spatial resolution of the original image ( Figure 11 ) is 6 nm/ pixel. It has been estimated that the diameter of the lowest classified 6 pixels particles is close to 16 nm. This explains why the size value on the inferior limit in Table 2 is 16 nm and this implies that the HRTEM examined particles with diameter of approximately 10 nm cannot be detected by SEM technique. The size of all particles is distributed in 19 intervals (Table 2 ) in increasing order. Furthermore, the graphic in Figure 12 shows the percentage relative frequency as a function of the particles equivalent diameter. The modal interval of the distribution is [20nm, 30nm]. HRTEM study shows that CNOs have around 20 nm or 10 nm in size. CNOs found by HRTEM can be compared with nanoparticles obtained by SEM in the range of 20-30 nm in size. In order to define the shape of soot deposits in Figure 11 , the ratio equivalent diameter to major length of each nanoparticle was calculated as a parameter. If the value of this parameter is close to the unit, the nanoparticle is circled. However, when the value is less than 1, we shall expect a tubular one. This parameter was estimated from the particles with a diameter of less than 30 nm. The parameter's average is 1.00 ± 0.18. Soot deposits there- fore are single particles and are not clustered together. The diameters of the CNOs found by HRTEM may be in the range of 20-30 nm of the distribution (Table 2 ). It is significant that this range is just the modal interval of Figure 12 . One might reasonably suppose that the diameters of the biggest CNOs which were estimated from HRTEM images are in the diameter range of the former interval. Moreover, the low resolution of SEM technique does not allow the analysis of the smallest size. Figure 11 . Scanning electron microscopy image of soot particles deposited on the metal surface during a short exposed time.
Discussion
As we have shown, the nano onions identified by Iijima [1] and indicated in Figure 1 Comparing Howard's method [19, 41] on the carbon fullerene production with the present procedure, we find that in this work the fullerenes are generated from the soot of premixed flames. Other important aspect of Howard's process is that the flame, from which the fullerene soot are produced, is surrounded by an annular non sooting flame, providing a thermal shield. The fact is that this former kind of flame also appeared during the present process. Furthermore in the case of Howard's method, the fullerenes were collected from the inside surface of the burner after each experiment. Instead in this paper, it is remarkable that the extracted soot from the inner wall of the bronze exhaust is composed mainly of amorphous carbon, but there are some carbon elliptic and tubular nano-particles.
In the present work, if the soot aggregates are deposited onto Al 2 O 3 (alumina) which is the aluminium natural cover, we can observe that there is a high concentration of CNOs on the deposition surface (see Figures 4 and 5 ). In contrast, the analysis of the carbon film which was deposited on the inner bronze nozzle shows that its main component is the amorphous carbon. Both results suggest that the substrate nature appears to play an important role in the mechanism of nano onions growth.
Numerous works have used alumina as catalyst support to produce CNOs [42] . A. J. Tomasek and R. L. Vander Wal' study in 2002 obtained carbon nanospheres [22] . The gaseous stream which transports soot flows through an alumina tube while it is exposed to irradiation from a pulsed laser. The result is that soot is converted into SCNPs. In this work, the substrate is aluminium and its protective layer is alumina. There is a possibility the alumina acts as a catalyst support.
An important aspect of nano carbon particles production is the use of the metal as a catalyst. Previous studies about flame synthesis mainly focused on the fabrication of CNTs. It is recognized that the formation of CNTs using flame synthesis depends greatly on the catalytic metal (such as Ni-Cr, Ni-Cr-Fe, Co-SiO 2 ) [16, 43] . The CNOs synthesized by diffusion flames were collected on a catalytic nickel grid [21] . In the present work the catalytic substrate is aluminium.
As mentioned before, T Cabioc'h's team [14, 44] has synthesized carbon onions by carbon ion implantation into copper or silver substrate. It is interesting to indicate that their experiments [45, 46] revealed that the onion density varies with the metal grain size and type of substrate. When the deposition surface was copper, the obtained carbon onions showed diameters in the range 50 -200 nm, whereas in the case of the silver substrate, the multishell fullerenes size was smaller.
Conclusion
The results show that carbon onion can be obtained by pyrolysis of propane. CNOs are originated from a laminar premixed propane/oxygen flame of approximately 1.8 stoichiometric coefficient. The resulting stream from the combustion transports the carbon particles towards the aluminium surface on which nano onions are collected. This procedure generates multishell fullerenes in large quantities and carbon tubular structures on the metal surface. 
